We report and experimentally investigate the performance of an adaptive decision-directed channel equalizer (ADDCE) in reduced-guardinterval dual-polarization coherent-optical orthogonal-frequency-divisionmultiplexing (RGI-DP-CO-OFDM) transport systems. ADDCE retrieves an estimation of the phase noise value after an initial decision making stage by extracting and averaging the phase drift of all OFDM sub-channels. Moreover, it updates the channel transfer matrix on a symbol-by-symbol basis. We experimentally compare the performance of the ADDCE and the conventional equalizer (CE) combined with maximum-likelihood (ML) phase noise compensation and inter-subcarrier-frequency-averaging (ISFA) algorithms. The study is conducted at 28 GBaud for RGI-DP-CO-OFDM systems with quadrature-phase-shift-keying (QPSK) and 16 quadrature amplitude modulation (16-QAM) formats. Using ADDCE, zero-overhead laser phase noise compensation is accomplished and the overhead due to training symbol (TSs) insertion is significantly reduced. In addition, ADDCE offers a superior performance over the CE in the presence of synchronization timing errors and residual chromatic dispersion (CD). We also achieve a longer transmission distance than when using the CE. At a forward-errorcorrection (FEC) threshold of 3.8 × 10
Introduction
Following the recent surge of interest in digital signal processing (DSP) for optical fiber communications, coherent-optical orthogonal-frequency-division-multiplexing (CO-OFDM) has been intensively investigated as a possible modulation format for future uncompensated fiber optic transmission links. One of the key attributes of using DSP is the capability to send training symbols (TSs) and pilot subcarriers (PSCs) which are known to the receiver to provide data-aided channel estimation [1] [2] [3] . To combat dynamic changes in channel characteristics, i.e. polarization mode dispersion (PMD), and to provide synchronization, the TSs are periodically inserted into the OFDM data symbol sequence. TSs have to be sent at a speed that is much faster than the speed of significant channel fluctuations [3, 4] . TS overheads of 2% to 5% are often reported for CO-OFDM transport systems [1] [2] [3] [4] [5] . The performance of coherent transmission systems are also known to suffer from laser phase noise which requires not only tracking on a symbol-by-symbol basis but also extra equalization. By using the PSCs that are inserted in every symbol, such fast time variations in the optical channel can be estimated and compensated [1, 2, 6 ]. An overhead of 3% to 5% is expected due to the PSC insertion [1] [2] [3] [4] [5] [6] . In [5, 7] , the authors proposed RF-pilot enabled phase noise compensation for CO-OFDM systems with ideally no extra optical bandwidth. In this technique, phase noise compensation is realized by placing an RF-pilot tone in the middle of the OFDM signal band at the transmitter that is subsequently used at the receiver to revert the phase noise impairments. Inserting the RF-pilot typically results in a 10% power overhead [5, 8] .
Recently, we proposed in [3, 9] , two decision-directed equalizers for single-polarization CO-OFDM systems based on a combination of decision-directed and data-aided estimation schemes to increase the accuracy of channel estimation and to reduce the required overhead due to the TSs and PSCs [10, 11] . In this paper, we adopt the same approach and experimentally demonstrate zero-overhead phase noise compensation via an adaptive decision-directed channel equalizer (ADDCE) for reduced-guard-interval dual-polarization coherent-optical orthogonal-frequency-division-multiplexing (RGI-DP-CO-OFDM) transmission systems. ADDCE, after an initial decision making stage, retrieves an estimation of the common phase noise value for the time interval of one OFDM symbol by extracting and averaging the phase drift of all OFDM sub-channels. It also updates the channel transfer matrix, initially acquired using TSs, on a symbol-by-symbol basis enabling the equalizer to increase the periodicity of the TSs and equivalently to reduce the TS overhead. The experimental results at 28 GBaud using both quadrature-phase-shift-keying (QPSK) and 16-quadrature-amplitude-modulation (16-QAM) formats confirm not only the feasibility of the zero-overhead phase noise compensation but also the superior bit-error-rate (BER) performance of the ADDCE versus a conven-tional equalizer (CE) due to a more accurate channel estimation. At a forward-error-correction (FEC) threshold of 3.8 × 10
, transmission distances of 5500 km and 400 km were achieved for the case of QPSK and 16-QAM RGI-DP-CO-OFDM, respectively, using zero-overhead phase compensation and a cumulative overhead of less than 2.6%. We also study the effect of the synchronization timing error and the residual dispersion on the ADDCE and the CE and demonstrate the superior performance of the ADDCE. It is notable that since ADDCE operates on a symbol-by-symbol basis and considering that OFDM symbol rates can be much lower than the actual transmitted bit-rate, implementing ADDCE does not necessarily require very high-speed and high power consuming electronics. A brief analysis of the computational complexity of this scheme in terms of the number of required complex multiplications is provided, showing a complexity of only 28%. This paper is structured as follows. We explain the ADDCE principles in section 2. In section 3, we experimentally study the performance of ADDCE in RGI-DP-CO-OFDM transport systems. In section 4, a brief analysis of the complexity of ADDCE is provided and section 5 concludes the paper.
ADDCE for dual-polarization transmission
Assume n and k denote the indexes for the received symbol (time index) and the OFDM subcarrier (frequency index), respectively. X and Y represent the two optical polarizations. In RGI-DP-CO-OFDM systems, the subcarrier-specific received complex value vector, , n k R , is first sent to a static overlapped frequency-domain equalizer (OFDE) to compensate for the effect of CD. The resulting vector, ,n k R , is then equalized by applying the zero-forcing technique based on the previously estimated transfer matrix,
, that is taken as a prediction of the current channel transfer matrix:
where ,n k S is the subcarrier-specific equalized complex value vector. Matrix , 0 k H ɶ ɶ is initially derived by using the TSs that are inserted at the beginning of each block of OFDM data symbols as described in [12] . To partially mitigate the effect of noise, a low-pass filter (LPF) is applied on , 0 k H ɶ ɶ . Vector ,n k S is then detected by the demodulator of the first decision making stage as
Presuming that the decision, vector , n k S , was correct and knowing the received vector after OFDE, ,n k R , we can estimate the average phase drift due to the laser phase noise in the time interval of the n th received OFDM vector as
rg arg arg arg
where N is the total number of OFDM subcarriers. As one can see, (3) tries to extract the phase drift of the OFDM sub-channels in the time interval of the n th received vector, assuming that the optical channel drift due to other impairments such as CD and PMD is negligible. This is a good assumption since CD and PMD variations are believed to be low-speed in comparison to the typical CO-OFDM symbol rate [3, 4] . Since the calculation of (3) is done after the decision making in (2), a fairly reliable initial equalization is necessary to prevent error propagation. In this technique, as long as the amount of rotation does not result in incorrect initial decision making for the majority of the constellation points in every received vector, the phase noise can be retrieved and compensated. As one can expect, ADDCE performance for dense constellation formats is more sensitive to the optical channel impairments. Therefore, for scenarios with relatively high laser phase noise and/or long symbol duration, this technique is not capable of proper phase noise compensation and might require the assistance of the PSCs or the RF-pilot to avoid error propagation, as been presented in [3, 8] . Afterward, the equalized vector is sent to the final decision making stage
where vector , n k S is the subcarrier-specific detected complex value vector.
In addition, by using (1) and knowing the detected vector, , n k S , and the received vector after OFDE, ,n k R , the ideal channel transfer matrix can also be estimated. However, the channel transfer matrix has four unknown arrays while (1) offers only two linear equations. By using the current and the previous symbol decisions, one can derive four set of linear equations and then find the unknown arrays. However, to reduce the complexity, we propose a new way to alternately update just two unknown arrays per received vector. For instance, for received data vector with even indexes ( mod( , 2) 0 n = ), we update 
And then by using (5.a.) and (5.b.), we derive the
For received data vectors with odd indexes ( mod( , 2) 1 n = ), we update 
And then by using (6.a.) and (6.b.), we derive the
We call the resulting channel transfer matrix, , n k H , a decision-directed channel transfer matrix.
, n k H corresponds to the time interval of the n th received OFDM vector and consequently, includes not only the common-phase-error (CPE) information of the laser phase noise process but also any drift in channel response. A low-pass filter (LPF) is applied to , n k H to suppress the high-frequency noise. To update the channel transfer matrix for the next received vector, we apply a simple recursive filtering procedure using both the previously estimated channel transfer matrix, 
where γ is the weighting parameter and can take any value between 0 and 1. A small value of γ boosts the role of previously estimated channel transfer matrix,
, while conversely, a large value of γ increases the effect of decision-directed channel transfer matrix, , n k H . γ controls the recursion and can either be a fixed or an adaptive value [3, 8] . In this study, we choose a fix γ value of 0.1. Fig. 1 . RGI-DP-CO-OFDM experimental setup.
Performance of ADDCE in RGI-DP-CO-OFDM systems
In this section, we study experimentally the performance of ADDCE for both QPSK and 16-QAM RGI-DP-CO-OFDM transport systems. Figure 1 depicts the experimental setup. The original binary pseudo-random bit sequence (PRBS) data with the length of 2 17 -1 is first divided and mapped onto 112 frequency subcarriers with QPSK (16-QAM) modulation format and subsequently transferred to the time-domain by an IFFT of size 128 while zeros occupy the remainder, fixing the oversampling ratio of 1.14. In this RGI-DP-CO-OFDM system, a cyclic prefix of length 3 is employed, resulting in 2.34% of CP overhead. The CE employs 4 pilot subcarriers which can be translated in 3.57% of PSC overhead; however, ADDCE has no pilot subcarrier featuring the zero-overhead phase noise compensation. The CE and ADDCE use 2 training symbols (TSs) for every 100 and 1000 data symbols, equivalently 2% and 0.2% of TS overhead, respectively. This results in a cumulative overhand of ~8% (2.34% + 3.57% + 2%) and ~2.6% (2.34% + 0% + 0.2%) for the CE and the ADDCE, respectively. The inphase (I) and quadrature (Q) parts of the resulting digital OFDM signal are then loaded separately on two field-programmable gate arrays (FPGAs) to electrically generate the electrical I and Q via two digital to analogue convertors (DACs), operating at 32 GS/s. Using the oversampling ratio of 1.14, the analogue electrical I and Q signals at 28 Gbaud OFDM are generated and then fed into an IQ Mach-Zehnder modulator (IQ-MZM). After the IQ-MZM, a dual polarization emulator is used to imitate a dual-polarization multiplexed transmitter which results in 112-Gb/s and 224-Gb/s for QPSK and 16-QAM RGI-DP-CO-OFDM signals, respectively. The optical transmission link consists of a 4-span optical recirculating loop with uncompensated SMF with the dispersion parameter of 17 ps/nm.km, the nonlinear coefficient of 1.2 W −1 .km −1 and the loss parameter of 0.18 dB/km. Spans are 80 km long and separated by erbium-doped-fiber-amplifiers (EDFAs) with a noise figure of ~6 dB. At the optical receiver, two optical filters with bandwidths of 0.4 nm and 0.8 nm are applied before and after the preamplifier, respectively, to reject the out-of-band accumulated spontaneous emission (ASE) noise. The receiver is based on the intradyne scenario in which the received signal beats with the optical local oscillator (LO) signal in an optical polarization-diversity 90° hybrid to obtain the signal I and Q components. The LO is tuned to within the range of approximately tens of MHz of the received signal's center frequency. The four pairs of balanced outputs from the hybrid are then detected by four balanced photodetectors and then electrically sampled and asynchronously digitized at 80 GSamples/s using two commercial 4-channel real-time oscilloscopes, equipped with analog-to-digital converters (ADCs) characterized by 33 GHz of analogue bandwidth, a nominal resolution of 8-bit and a frequency-dependent effective number of bits (ENoB) between 4 and 5. Four signals are then transferred to PC for off-line processing. In the off-line processing section, to further characterize the capabilities of ADDCE, we compare the performance of the ADDCE with the CE combined with two other commonly-reported compensation schemes: the maximum-likelihood (ML) phase noise compensation [1, 2] and the inter-subcarrier-frequency-averaging (ISFA) [13] . Throughout this study, the optimal ISFA parameter of 9 and 5 are adopted for the case of QPSK and 16-QAM formats, respectively. In our experiments in this paper, both the transmitter laser and the LO are commercial external-cavity-lasers (ECLs) with a nominal linewidth of 100 kHz. Figure 2 and Fig. 3 depict the BER versus optical signal to noise ratio (OSNR) for QPSK and 16-QAM RGI-DP-CO-OFDM, respectively. This measurement is performed in optical backto-back (B2B) via a noise loading setup. We compare the performance of ADDCE versus the CE combined with and without ML and ISFA algorithms. As one can see, although ADDCE has zero-overhead phase noise compensation, it outperforms the CE throughout the OSNR range of study for both QPSK and 16-QAM RGI-DP-CO-OFDM. The CE combined with both ML and ISFA algorithms has the closest performance to the ADDCE. In Fig. 4 and Fig.  5 , we characterize the performance of the equalizers versus launch power. The experiments are performed at the transmission distance of 3280 km and 328 km for QPSK and 16-QAM RGI-DP-CO-OFDM, respectively. As we see, ADDCE provides a superior performance and shows a similar behavior as the CE in noise-and nonlinear-limited regions. 
BER vs. OSNR and launch power

BER vs. synchronization timing error
In CO-OFDM, synchronization in time and frequency, are important and essential for DSP processes [14] . Synchronization timing error can degrade the performance of the equalization algorithms and are known to be sensitive in CO-OFDM systems [15] . In Fig. 6 and Fig. 7 , we study the behavior of ADDCE and the CE with and without ML and ISFA algorithms in the presence of synchronization timing error for QPSK and 16-QAM RGI-DP-CO-OFDM, respectively. For the case of QPSK, this study is conducted at the transmission distance of 3280 km with an optical launch power of −2 dBm. For the case of 16-QAM, the transmission distance and the optical launch power were 328 km and −3 dBm, respectively. As seen for both QPSK and 16-QAM cases, the CE with ISFA algorithm are more susceptible to the synchronization timing error and the BER performance degrades dramatically which can be attributed to the effect of the inter-symbol-interference (ISI) on the inter subcarrier averaging. Moreover, since the optimal averaging parameter of the QPSK is larger than the 16-QAM, the degradation of the CE with ISFA in case of QPSK is more pronounced. Therefore, ADDCE demonstrates its superior performance as it is more robust than the CE with both ML and ISFA algorithms in the presence of synchronization timing error. Fig. 6 . BER vs. synchronization timing error for 28 GBaud QPSK RGI-DP-CO-OFDM at 3280 km. Fig. 7 . BER vs. synchronization timing error for 28 GBaud 16-QAM RGI-DP-CO-OFDM at 328 km.
BER vs. residual dispersion
RGI-CO-OFDM systems are capable of reducing the cyclic prefix (CP) to compensate only for the ISI from the PMD and transmitter bandwidth limitations [16] .The essence of this approach is to compensate the CD by using a separate OFDE stage in prior to the OFDM channel estimation and demodulation. However, an accurate knowledge of CD is indispensible for an effective OFDE equalization. In Fig. 8 and Fig. 9 , we study and compare the performance of the ADDCE and the CE in the presence of residual dispersion due to inaccurate CD estimation and/or equalization in OFDE for QPSK and 16-QAM RGI-DP-CO-OFDM, respectively. Similar to section 3.2., for the case of QPSK, the transmission distance and the optical launch power were 3280 km and −2 dBm, respectively. For the case of 16-QAM, the transmission distance and the optical launch power were 328 km and −3 dBm, respectively. As we see, the CEs with ISFA algorithms are vulnerable to residual CD and the BER performance degrades dramatically. This is because different OFDM subcarriers now experience different phase rotations due to residual CD and the averaging between neighbouring OFDM sub-channels in the ISFA algorithm results in inaccurate channel transfer matrix estimation. Similar to section 3.2., since the optimal ISFA averaging parameter for QPSK is larger than 16-QAM, the degradation of the CE with ISFA in case of QPSK is more pronounced. As one sees, ADDCE provides the same signal quality throughout the range of study, demonstrating its robustness to the effect of residual CD. 
BER vs. transmission distance
In Fig. 10 and Fig. 11 , we compare the BER performance versus transmission distance for the ADDCE and the CE combined with and without ML and ISFA algorithms for QPSK and 16-QAM RGI-DP-CO-OFDM, respectively. The optical launch power for QPSK and 16-QAM cases were −2 dBm and −3 dBm, respectively. As described earlier, the cumulative overhead for the CE is ~8%. The ADDCE has a cumulative overhead of 2.6% featuring zero-overhead phase noise compensation. As one can see, the ADDCE provides a better performance than the CEs. As we expect, the CE combined with both ML and ISFA algorithms has the closest performance to ADDCE. At the forward-error-correction (FEC) threshold of 3.8 × 10 −3 , the ADDCE achieves a transmission distance of 5500 km and 400 km for QPSK and 16-QAM RGI-DP-CO-OFDM, respectively. These demonstrate 8% and 20% improvement in the transmission reach versus the CE with ML and ISFA algorithm for QPSK and 16-QAM RGI-DP-CO-OFDM, respectively. The ADDCE's capacity in overhead reduction, improving the transmission reach and resilience to the synchronization timing error and the residual dispersion, makes it an attractive alternative equalization algorithm. 
System complexity
The complexity of an equalization algorithm directly affects the implementation cost of the transmission link due to the hardware costs and power consumption. In this section, we provide a brief comparison of the complexity of the ADDCE and the CE, without ML and ISFA, in terms of the number of required complex multiplications per bit, taking into account the FFT operations, the channel estimation and equalization. In this study, the same complexity for multiplication and division is considered. Assume that the channel is estimated every CE N symbols and CE R is the training symbol overhead. M denotes the number of bits per symbol.
As shown in [17] , the complexity of the CE in an RGI-DP-CO-OFDM system, CE C , can be expressed as ( ) [17] .
ADDCE has similar complexity regarding channel estimation however, six more complex multiplications, per used subcarrier for every polarization frame, are needed to implement Eq. (5) and Eq. (6) . Furthermore, to derive Eq. (7), four more complex multiplications, per subcarrier per polarization frame, are required. To perform equalization, ADDCE updates the channel transfer matrix inversion of Eq. (1) on a symbol-by-symbol basis therefore, the complexity of a 2 × 2 matrix inversion, six complex multiplications per subcarrier per polarization frame, needs to be considered. Assuming that every frame transmits ( ) For the case of the parameter of this experiment, we observe a complexity of 28% in terms of the number of complex multiplications.
Conclusions
We have summarized a series of experiments using a zero-overhead phase noise compensation based adaptive decision-directed channel equalizer (ADDPE) for 28 GBaud QPSK and 16-QAM reduced-guard-interval dual-polarization coherent-optical orthogonal-frequencydivision-multiplexing (RGI-DP-CO-OFDM) transport systems. We compared the BER performance of the ADDCE and the conventional equalizer (CE) combined with maximumlikelihood (ML) phase noise compensation and inter-subcarrier-frequency-averaging (ISFA) algorithms. By comparing the ADDCE and the CE, we demonstrated that ADDCE can perform as reliably as the CE combined with both ML and ISFA algorithms. Transmission distances of 5500 km and 400 km over the uncompensated, EDFA-amplified transmission link were achieved for 28 Gbaud QPSK and 16-QAM RGI-DP-CO-OFDM, respectively whilst employing a cumulative overhead of less than 2.6%. Moreover, the ADDCE is more resilient than the CE to the effects of synchronization timing error and the residual dispersion.
